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The primary sorting event
The majority of chloroplast proteins are encoded by nuclear DNA and synthesized on cytosolic ribosomes as higher-molecular-weight precursors with an N-terminal presequence [ 11. This presequence is necessary and sufficient to target proteins specifically to the chloroplast. The mature small subunit of ribulose-1,s-bisphosphate carboxylase/oxygenase (SSU Rubisco) is not imported by isolated chloroplasts [2] [6] . Some mistargeting can occur but is thought, at least in mitochondria, to be non-specific and not via the normal import mechanism [7] .
Abbreviations used: ct-hsp70, chloroplast hsp70 homologue; DIDS, 4,4'-di-isothiocyanostilbene-2,2'-disulphonic acid; LHCP, light-harvesting chlorophyll a/bbinding protein; PC, plastocyanin; PLP, pyridoxal-5'-phosphate; pmf, proton motive force; PT, phosphate translocator; Rubisco, ribulose-,l,5-bisphosphate carboxylase/oxygenase; SSU, small subunit.
The analysis of a limited number of presequences at first suggested the presence of blocks of homologous amino acid residues [ 11; however, as the amino acid sequences of more chloroplast proteins became known this was found not to be entirely true. A three-domain structure was then proposed with the targeting information residing in the secondary structure [8] . The N-terminus is usually uncharged with an initial dipeptide, Met-Ala, the central domain lacks acidic residues, while the C-terminal domain is enriched in arginine residues and has the potential to form an amphiphilic &strand [l] .
An indication of the role of these three domains in the import of chloroplast proteins is shown by studies using synthetic peptides analogous to parts of the presequence of SSU Rubisco [9] . Peptides analogous to the N-and C-termini inhibit translocation across the chloroplast envelope while the central regions inhibit the binding of precursors to the chloroplast envelope. The import of proteins destined to three different chloroplast compartments (stroma, thylakoid lumen and thylakoid membrane) was inhibited by the same synthetic peptide suggesting the use of identical translocation mechanisms.
The precise nature of the interaction between the presequence and the chloroplast envelope and the mechanism whereby precursors are translocated through the chloroplast envelope is largely unknown. Low levels of ATP (50-100 pM) are required for the binding of precursors to the envelope while higher levels (1 mM crosslinking reagent that interacts with the SSU precursor, whereas the 30 and 52 kDa proteins were identified using a photoactivable radiolabelled synthetic peptide corresponding to the first 24 amino acid residues of the SSU presequence. The specificity of this crosslinking reaction is doubtful as the 52 kDa protein was identified as the large subunit of Rubisco, a stromal protein occurring as a major envelope contaminant, while the 30 kDa protein migrated in the same position as the phosphate translocator, the major envelope protein. Anti-idiotypic antibodies which should in theory mimic the action of the SSU presequence also identified a 30 kDa envelope protein [l] . These antibodies inhibited protein import and were shown to bind at zones of contact between inner and outer envelope membranes. A cDNA encoding this protein was subsequently isolated [lo] and the amino acid sequence deduced from this was identical to that of the pea phosphate translocator [ 111. Phosphate translocator activity is inhibited by 4,4'-di-isothiocyanostilbene-2,2'-disulphonic acid (DIDS) and pyridoxal-5'-phosphate (PLP). These inhibitors simultaneously inhibit phosphate translocator activity and label a 30 kDa protein with the same sequence as that deduced from the cDNA, without inhibiting SSU Rubisco import. This and protease treatment data suggests that this cDNA encodes the phosphate translocator, an inner-envelope protein, and not the import receptor expected to be in the outer-envelope membrane [ 121. It does not, however, rule out the possibility that the phosphate translocator may have another site not inhibited by DIDS and PLP that is involved in the proteinimport process. This is not without precedent as permeases and transport proteins have been identified as receptors for viruses and bacteriophages without affecting the transport process [13] . A recent study of anti-idiotypic antibodies as ligand mimics has discredited their use in the identification of receptors in many cases [14] . More 
Sorting to intra-chloroplast compartments
Chloroplasts are complex organelles consisting of six different compartments including the outer-and inner-envelope membranes, the thylakoid membrane, the intermembrane space, the stroma and the thylakoid lumen. Consequently, imported proteins require information for the specific targeting to one of these intra-organellar compartments.
Targeting t o the chloroplast envelope membranes
It appears that targeting to the outer-envelope membrane is achieved by a mechanism different to that of the other compartments. The known outer-envelope proteins have no cleavable presequences, nor is the insertion process dependent on ATP-or protease-sensitive protein receptors [16] [17] [18] . In contrast proteins targeted to the inner-envelope membrane, for example the triose phosphate translocator [ 11, 191 (J. S. Knight and J. C. Gray, unpublished data) and the 37 kDa protein [20] , are synthesized with N-terminal presequences. Targeting proteins to this membrane is not solely a function of the hydrophobicity of the polypeptide chain. When the normally chloroplast-encoded integral thylakoid quinone-binding protein, D 1 (psbA gene product), is fused to the SSU presequence the protein expressed in tobacco cells is translocated across the envelope and is functional in the thylakoid membrane [21] .
The lengths of the inner-envelope protein presequences are very different -72-81 amino acid residues for the phosphate translocator [ 1 1, 191 (J. S. Knight and J. C. Gray, unpublished data) and only 21 amino acid residues for the 37 kDa protein [20] . T o some degree, this may reflect the hydrophobicity of the mature proteins. The phosphate
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translocator is a very hydrophobic, integral membrane protein containing seven putative membrane spans while the 37 kDa protein is only mildly hydrophobic with one putative membrane span. The presequence appears to render the precursor less hydrophobic for passage in the cytosol. Similar examples, such as the 66-amino-acid residue presequence of the very hydrophobic ATPase subunit 9, are found in mitochondria [22] .
Both the 37 kDa and the pea and spinach phosphate translocator (PT) presequences have potential amphiphilic a-helix-forming regions which have been proposed to be responsible for envelope targeting [ 11, 201 . This is unlikely as the pea PT presequence is capable of directing the mature pea SSU protein to the chloroplast stroma in vitro and so functions as a chloroplast import signal and not an envelope targeting signal (J. S. Knight and J. C. Gray, unpublished data). The information for envelope targeting must therefore reside in the mature PT protein. This is a similar situation to that of the 70 kDa outer-mitochondrial-membrane protein (OMM70). The presequence of OMM70 directs /3-galactosidase to the mitochondrial matrix, but a short stretch of hydrophobic residues adjacent to the presequence anchors the protein in the outer mitochondrial membrane [23] . The SSU Rubisco was not retained in the envelope when an endoplasmic reticulum (ER) stop transfer signal, known to halt transfer of proteins across the ER membrane, was placed at the C-terminus of the mature protein [24] . However, the same hydrophobic signal (G protein of vesicular stomatitus virus) caused retention of a mitochondrial matrix protein in the outer mitochondrial membrane only when placed close to the N-terminal presequence [ E l .
What is the mechanism responsible for targeting the phosphate translocator to the chloroplast envelope? Chimeric proteins consisting of the pea SSU presequence fused to the mature pea PT protein, or to the first or first and second putative membrane-spanning regions of the PT, are imported into chloroplasts and associate with the envelope membrane (J. S. Knight and J. C. Gray, unpublished data). However, a significant proportion of the imported protein is also found in the stromal compartment. This could be due to mistargeting or it may indicate that the normal route for envelope integration may be via the stroma. The accumulation in the stroma could be due to the inefficiency of import or integration in the envelope membrane. When the thylakoid membrane insertion of the light-harvesting chlorophyll &-protein is inhibited, this protein is found to accumulate in the stromal compartment [26] . The route for targeting proteins to the mitochondrial inner membrane and intermembrane space is currently in dispute [27, 281. Many inner mitochondrial membrane and sequences; the N-terminal domain represents a matrix-targeting signal which is cleaved to leave the C-terminal domain. Whether the C-terminal domain acts as a stop transfer signal or a re-export signal is currently being investigated [27, 281. If the C-terminal domain acts as a stop transfer signal it will prevent complete translocation of the protein into the matrix, and is either cleaved, for intermembrane space proteins, or retained if the protein is integrated into the inner mitochondrial membrane [27] . However, if it acts as a re-export signal the entire protein is translocated into the matrix and this C-terminal domain then acts as a signal for reexport to the intermembrane space or for integration into the inner membrane [28] . The re-export route is thought to reflect the conservation of the export machinery present in the mitochondrial ancestor [28] . It is possible that a re-export mechanism is responsible for targeting the phosphate translocator to the chloroplast envelope; however, further experiments are required to resolve this question.
intermembrane-space proteins have bipartite pre-33
Targeting t o the thylakoid lumen and thylakoid membrane
Thylakoid lumen proteins such as plastocyanin to the E. coli signal peptidase [30] . Specific inhibitors of the components of the proton motive force (pmf) have been used to determine the energy requirements for translocation across the thylakoid membrane. The pmf has both proton gradient (ApH) and electrochemical (AY) components, although the predominant contribution across this membrane is from ApH. The entire pmf can be dissipated by inhibiting thylakoid electron transport. The AY collapses after the membrane is made permeable to potassium ions using the ionophore valinomycin, whereas ApH collapses after treatment with nigericin which catalyses an electroneutral exchange of protons for monovalent cations [34] . The effect of these inhibitors on protein translocation has been examined both in the reconstituted isolated thylakoid system and in intact chloroplasts [3S, 361 and seems to suggest protein-specific requirements ranging from no requirement for a pmf (PC), or a degree of pmf requirement (OE 33) to an absolute dependence on ApH (OE23, OE17). The ATP requirement for translocation also appears to be protein-specific. It is required for OE33 but not for PC, OE23 or OE 17 translocation.
The information for thylakoid membrane targeting is contained in the mature sequence of the thylakoid membrane proteins such as Reiske ironsulphur protein of the cytochrome bfcomplex, the light-harvesting chlorophyll &-binding protein (LHCP) and the 10 kDa protein of the oxygenevolving complex (OE 10). Their presequences contain information for stromal targeting only [37, 381. The thylakoid targeting information is likely to reside in the C-terminal hydrophobic domain of OElO [39] and in the hydrophobic region in the N-terminus of the Rieske Fe-S protein. It is not known if this region spans the thylakoid membrane once or twice [40, 411 . The third hydrophobic membrane span of LHCP is able to target SSU Rubisco to the thylakoid but is unable to cause complete thylakoid integration by itself [42] . The other hydrophobic stretches are required for proper integration of the mature LHCP protein [43] . The integration process is energy-dependent. LHCP requires a pmf as well as ATP for integration. The Rieske Fe-S protein requires the ApH and possibly also the AY component of the pmf an ATP requirement for the integration of the Rieske Fe-S protein is not known (F. Madueiio, J. A. Napier and J. C. Gray, in preparation).
The ATP requirement for LHCP integration could be due in part to its association with stromal factors. Proteinaceous stromal factors and ATP are a necessity for the integration of LHCP into the thylakoid membrane in vitro [44] . An association with stromal factors has also been observed with newly imported Rieske protein (F. Madueiio, J. A. Napier and J. C. Gray, in preparation). Both the precursor and mature Rieske Fe-S protein are detected in the stroma after import into isolated chloroplasts but, unlike LHCP [26] , this accumulation occurs without the need to inhibit thylakoid insertion. This may reflect the inefficiency of the integration event for the Rieske protein. The precursor and mature Rieske protein were found to associate with a complex that could be immunoprecipitated by antibodies raised against the chaperonin, cpn60. This complex could also be dissociated by the addition of ATP, a characteristic of cpn60 associations [4S]. Cpn60 was first found to bind to the newly synthesized large subunit (SU) of Rubisco and to aid the formation of the Rubisco holoenzyme [46] . Several other thylakoid membrane proteins, including LHCP, but not the soluble proteins ferredoxin and superoxide dismutase, have also been found to associate with cpn60 [47] . However, an association of LHCP with the cpn60 complex was not observed by another group who were unable to immunoprecipitate LHCP using antibodies against GroEL, an E. coli homologue of cpn60 [48] .
At least two stromal factors appear to be required for the insertion of LHCP [48] . There have been two reports of the detection of hsp7O homologues in the chloroplast stroma [49, SO] and recently a chloroplast hsp70 homologue (ct-hsp70) has been purified [51] . It has been reported that this protein associates directly with LHCP and plays a role in LHCP thylakoid integration. When the stromal extract is depleted of ct-hsp70 there is a correlative reduction in LHCP insertion activity (511. Newly imported Rieske protein has been shown to be associated with a ct-hsp70 by immunoprecipitation with antibodies against E. coli DnaK, an hsp70 homologue. This suggests a role for an hsp70 protein in Rieske protein thylakoid integration (F. Madueiio, J. A. Napier and J. C. Gray, in preparation). It is possible that there is a sequential interaction of the Rieske protein with chaperone-type molecules as it traverses the stroma en route to the thylakoid membrane. As both the precursor and mature Rieske proteins interact with cpn60 it is more likely that this association will precede the association with the hsp7O protein. The hsp70 protein may therefore be required for folding or unfolding the protein before membrane insertion. 
